In this article, we proposed a facile one-step synthesis of Fe 3 O 4 nanoparticles of different shapes and sizes by co-precipitation of FeCl 2 with piperidine. A careful investigation of TEM micrographs shows that the shape and size of nanoparticles can be tuned by varying the molarity of piperidine. XRD patterns match the standard phase of the spinal structure of Fe 3 O 4 which confirms the formation of Fe 3 O 4 nanoparticles. Transmission electron microscopy reveals that molar concentration of FeCl 2 solution plays a significant role in determining the shape and size of Fe 3 O 4 nanoparticles. Changes in the shape and sizes of Fe 3 O 4 nanoparticles which are influenced by the molar concentration of FeCl 2 can easily be explained with the help of surface free energy minimization principle. Further, to study the magnetic behavior of synthesized Fe 3 O 4 nanoparticles, magnetization vs. magnetic field (M-H) and magnetization vs. temperature (M-T) measurements were carried out by using Physical Property Measurement System (PPMS). These results show systematic changes in various magnetic parameters like remanent magnetization (Mr), saturation magnetization (Ms), coercivity (Hc), and blocking temperature (T B ) with shapes and sizes of Fe 3 O 4 . These variations of magnetic properties of different shaped Fe 3 O 4 nanoparticles can be explained with surface effect and finite size effect.
Background
Nano-sized materials on account of their surface and quantum size effect not only are known to possess better physical and chemical properties but also have enhanced biocompatibility and bioefficacy [1, 2] . In this context, magnetic nanoparticles for their unique magnetic behavior have gained much attention in recent years, whereby they are known to have promising potential for various medical applications such as targeted drug delivery systems, MRI, diagnostics, radiofrequency hyperthermia, and cancer therapy [3] [4] [5] [6] [7] . Besides, magnetic nanoparticles are also being utilized as a key material for magnetic ferrofluid [8] , catalysis [9] , data storage [10] , and environmental remediation [11] . Fe 3 O 4 , a magnetic nanoparticle, has the cubic inverse spinal structure (two Fe 3+ with one Fe 2+ ) in which oxygen forms an fcc closed-pack structure [12] . It is an important class of half-metallic materials, as electrons hop between Fe 2+ and Fe
3+
. However, their utilization for practical application still requires rectification of several parameters, broadly categorized into two main class: (a) their tendency to get aggregate in order to reduce their surface energy and (b) their ability to get oxidize easily. The aforementioned parameters can hamper their interfacial area, thereby hindering their magnetism and dispersibility. Henceforth, it becomes essentially important to overcome such parameters which possibly can be achieved by developing potential synthesis methods which overrule such problems. With the advent of several wet chemical methods for the synthesis of nanoparticles in the recent past, the magnetic nanoparticles have been synthesized by different methods such as solvothermal [13] , sol-gel [14] , co-precipitation [15] , thermal decomposition [16] , and sonochemical reaction [17] . 
Discussion
Structural and microstructural characterization of the samples were investigated by using XRD pattern. are nearly rod-shaped with high aspect ratio (~10) and having a length between 150 and 200 nm. As it is clearly visible that rods are tapered at the ends and maximum at the center, making it a needle-like structure, from Fig. 2 (S 2 -S 4 ), it can be seen that with increasing molarity of FeCl 2 solution, aspect ratio of rod-like nanostructures decreases. At the highest molarity of FeCl 2 solution (0.1 M), Fe 3 O 4 nanoparticles become spherical in morphology. As we know that rate of reaction plays a dominant role in the shape and size of nanocrystals, during the process of formation of nanocrystals, the growth rate is different for different crystallographic planes which are based on surface free energy minimization principle. Further, the ratio of the growth rate of different directions determines the shape of the crystal [18] . Based on the above theory, the facets with higher energy grow faster and tend to disappear, which leads to the crystal to bind by low-energy facets. This results in different morphologies of Fe 3 O 4 crystals. In solution phase synthesis, it is well known that capping agents can change the free energy of different facets through their interaction with crystal surface [19, 20] . In our synthesis protocol, piperidine is used which acts as both reductant and surfactant. The magnetization vs. magnetic field (M-H) variations of different shaped and sized Fe 3 O 4 samples were analyzed by using Physical Properties Measurement System (PPMS) having the facility to vary the magnetic field up to 14 T. Hysteresis loops of various Fe 3 O 4 samples have been shown in Fig. 3a , b recorded at 300 and 5 K, respectively. These figures give some useful information about the magnetic response of various samples. All samples show a nonlinear variation in magnetization as a function of magnetic field at both temperatures Figure 3a is a typical M-H curve for all four samples at measured at 300 K. It is evident that magnetic remanence is almost absent in all samples. Another peculiar feature is initial slopes in magnetization curves at 300 K of all samples are very steep. These observations can be explained by surface effect and finite size effect. Incorporation of these effects on a magnetic system suggests that particles are small enough to be considered as single-domain particles. These single domains orient as a large single magnetic moment in the direction of applied field. Because of the single-domain nature of particles, it shows almost no remnant magnetization after removal of external applied magnetic field. The values of Mr, Ms, and Hc of all samples are given in the table. Further, Fig. 3b shows the M-H plot of the same samples at 5 K. The behavior of this graph is very different from the M-H plot at 300 K. The distinct feature of this graph is Hc which began to appear with large value with respect to Hc at 300 K. This results in the disappearing superparamagnetic behavior of particles. Further in this case (Fig. 3b) , saturation magnetization is almost the same for all samples, but in Fig. 3a , different samples show different saturation magnetization. Figure 4a , b is the plot of Mr, Ms, and Hc as a function of molarity calculated from inset of Fig. 3a , b, at 300 and 5 K, respectively. A careful observation of Fig. 4a indicates that the coercivity (Hc) of the samples have been found to increase monotonously with the decrease in the aspect ratio of the magnetic nanostructures (from 10.60 to 42.30 Oe). The Hc value of the rodshaped nanostructures having the largest aspect ratio (S 1 ) is the least and vice versa. It indicates that the magnetization of the elongated particles is more sensitive to the applied field than that of the particles having less aspect ratio [22] . These figures show explicitly the effect of temperature on Mr, Ms, and Hc. A notable change appears in Hc as we cool the samples up to 5 K. Hc monotonously decreases for all samples as we increase the temperature. This behavior can be understood as due to enhancement in thermal energy via temperature will enhance the thermal fluctuations of pinned magnetic moments, therefore, minimizing the effect of anisotropy barriers. This appearance of coercivity at low temperature destroys the superparamagnetic behavior of Fe 3 O 4 nanoparticles, which is the characteristic feature of Fe 3 O 4 The data recorded at 300 K are much improved than reported earlier [21] .
Further, magnetization vs. temperature (M-T) measurement of as-prepared Fe 3 O 4 nanoparticles of different shapes and sized was investigated using PPMS. Zerofield-cooling (ZFC) and field-cooling (FC) processes were used to study the magnetization vs. temperature profile of synthesized nanoparticles between 5 and 300 K at 500 Oe (Fig. 5 ). FC and ZFC curves are usually utilized to understand the energy barriers [23] . Figure 5 shows the magnetization response as a function of temperature for all four samples (S 1 , S 2 , S 3 , and S 4 ). All samples were in powder form while undergoing for measurement. When the sample is cooled at very low temperature (~5 K), the net magnetic moment is negligibly small as the magnetic moment of every individual particle is randomly oriented. When the external magnetic field is applied, randomly oriented moments begin to align in the direction of the field. Therefore, net magnetic moment increases gradually and reaches up to a maximum (169, 246, 250, and 266 K for S 1 , S 2 , S 3 , and S 4 , respectively). The temperature at which magnetization is maximum is known as blocking temperature (T B ). This is also defined as the temperature at which thermal energy is in equilibrium with the energy of aligned magnetic moments. As the temperature rises greater than the blocking temperature, thermal energy begins to destroy the alignment of moments and hence resulting in a decline of magnetization above T B . Further, it may be pointed out from graphs that FC and ZFC curves behave in a similar way above blocking temperature which is different for all samples [24, 25] .
Some useful parameters of M-T and M-H measurements have been given in Table 1 .
Mechanism of Formation of Fe 3 O 4 Nanoparticles
Our synthesis protocol initially requires the aqueous solution of FeCl 2 . Reaction is as follows: 
This is a reversible reaction with almost equal forward and backward reaction rate. After adding piperidine in the reaction mixture, HCl gets trapped with piperidine, making the reaction in the forward direction only. This leads to the formation of stable Fe(OH) 2 . This Fe(OH) 2 undergoes dehydration process to produce FeO. Similar process occurs with two FeO molecules resulting in the formation of H 2 Fe 2 O 3 , which on spontaneous aerial oxidation gives Fe 2 O 3 . In the final step of the reaction, FeO and Fe 2 O 3 get combined to produce Fe 3 O 4 . This whole process is represented in pictorial form (Fig. 6 ).
Conclusion
Conclusions of the current study can be summarized as follows:
1. Fe 3 O 4 nanoparticles are indeed synthesized using piperidine, which is confirmed by XRD characterization of as-synthesized samples. 2. TEM images give some useful information related to the shape and sizes of the particles. Our investigation shows that shape and size of the particles can be changed from rods to spheres by varying the molar concentration of FeCl 2 solutions (from 0.025 to 0.1 M shapes and sizes will further be used for their applications like EMI shielding. Some primitive experiments are going on and very soon will be followed by respective publications. 
